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ABSTRACT  45 isomers of TinNm (n + m = 5, 6) clusters, including linear, some planar and 
some stero configurations, have been predicted by density functional theory method. For 
five-atom clusters Ti3N2 and Ti2N3, the most stable structures are trigonal bipyramid in D3h 
symmetry, and for Ti4N cluster, the isomer with one nitrogen atom occupying the center of 
quasi-tetrahedron is the most stable. In the isomers of Ti4N2 and Ti3N3, the planar networks are 
more stable, but for Ti2N4, the six-membered ring configuration is the most favorable. Most linear 
structures can form weak-strong bonds alternately with higher energy. As regards to planar 
structures, the more Ti–N bonds are formed, the more stable they will be; for stero closed 
polyhedral isomers, their energies are lower.  
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1  INTRODUCTION 
 
Amorphous alloys comprised of transition metal 
and non-metal exhibit some interesting properties 
(such as high conductivity, strong magnetism, corro- 
sion resistance and so on) and have been exten- 
sively applied in high-tech fields[1, 2]. Their struc- 
tures are short-range order and long-range disorder, 
and are thermodynamically metastable. Up to now, 
no universal method for their microstructure re- 
search has been proposed. However, cluster study 
with quantum chemical method can provide some 
useful information on their amorphous structures[3]. 
Based on a series of studies on some dual-number 
clusters comprised of early and late transition metals, 
such as Ti–Ni, Zr–Ni, V–Co, Nb–Co and so on, we 
found alternative weak-strong localized bond in 
linear structures as well as some planar structures, 
and delocalized metallic bond in other structures. 
Transition metal Ti and non-metal N in this paper 
can form another kind of amorphous material. 
Experimental chemists found that TinNm analogy 
clusters are fairly stable by using time-of-flight mass 
spectrometer[4, 5]. Some researchers only made 
studies on cubic isomers[6]. We also have ever made 
study on n + m < 4 clusters[7]. Herein, we try to 
predict the geometric configurations of small TinNm 
clusters (n + m = 5, 6) with theoretical calculations 
and disclose their electronic structures.  
 
2  COMPUTATIONAL DETAILS 
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All calculations were performed using the Gaussian 
program with the hybrid density-functional B3LYP 
method. The standard 6-31G(d) basis set for N and 
the small-core RECP (relativistic effective core 
potential) plus valence double-ζ basis set (LanL2DZ) 
for Ti were employed. The possible isomer geome- 
tries were optimized without constraints on freedom. 
Reported stationary points have been confirmed to 
be local minima or transition states by harmonic 
vibrational analyses at the same level.  
 
3  RESULTS AND DISCUSSION  
 
(1) Five-atom cluster  
For five-atom clusters, Ti2N3 and Ti3N2 are firstly 
discussed. Nine possible isomers for the Ti2N3 
clusters have been optimized (all the conformations 
are verified to be positive by vibration frequency 
analysis, and the same calculation is carried out on 
the following optimized isomers). In these nine 
isomers, three are linear (Fig. 1c). For isomer (1), 
charges overlap population values are 0.118, 0.671, 
0.05 and 0.475 from left to right, respectively, and 
obviously they are alternatively weak-strong with 
higher energy. Three N atoms of isomer (2) are 
located at the center, and stronger bonding can be 
observed among them but they weakly bond with Ti. 
Consequently, energy of this isomer is greatly lower 
than that of isomer (1) (Table 1). In linear isomer (3), 
Ti locates at the center. It connects with N–N and 
terminal N–Ti. There is very strong bonding for 
N–N with charge population being fairly great at the 
Ti–N. As expected, strong bonding is observed. This 
isomer is the energetically lowest in linear isomers. 
Ti2N3 has another two chain isomers (4) and (5). For 
isomer (4), their N–N bond is strong and N–Ti is 
weak, while Ti–N bond is strong and N–Ti is weak, 
so weak and strong bonds appear alternatively. 
Isomer (5) is completely comprised by N–Ti bonds 
and also exhibits strong-weak-weak-strong bonding. 
In these nine isomers, bypyramid isomer (9) is the 
most stable with structural parameters as follows: 
bond length of Ti–N: 0.228 nm, charges overlap 
population: 0.239, and bond length of Ti–Ti: 0.185 
nm (implying a weak bonding with charge popula- 
tion to be 0.136). No bonding can be found among 
the three N atoms. Therefore, system energy is the 
lowest (–280.3982), with higher occurrence proba- 
bility. Isomers of linear and chain structures have 
higher energy, and could only exist in excitation 
state.  
      
                            (a)                                           (b) 
 
(c) 
       Fig. 1.  Prediction of the possible isomers for Ti4N (a), Ti3N2 (b) and Ti2N3 (c) 
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1 6 C∞v –286.7881 
(3.555) 
1 5 C1 –283.6997 
(0.4053) 
1 4 C∞v –280.1414 
(6.985) 
2 4 C2v –286.8538 
(1.768) 
2 3 Cs –283.6214 
(2.535) 
2 4 C∞v –280.2062 
(5.219) 
3 6 Cs –286.8610 
(1.5722) 
3 1 Cs –283.5624 
(4.140) 
3 4 C∞v –280.3340 
(1.746) 
4 4 Cs –286.8975 
(0.5794) 
4 1 D3h –283.7146 
(0.00) 
4  2 Cs –280.3239 
(2.021) 
5 4 C1 –286.9167 
(0.0571) 
5 1 Cs –283.5997 
(3.125) 
5 2 C1 –280.2904 
(2.932) 
6 4 C1 –286.9173 
(0.0408) 
6 5 C1 –283.6051 
(2.978) 
6 2 C2v –280.1798 
(5.940) 
7 4 C1 –286.9188 
(0.00) 
7 5 Cs –283.5936 
(3.291) 
7 6 Cs –280.2635 
(3.664) 
        8 6 C2v –280.2444 
(4.183) 
        9 2 D3h –280.3982 
(0.00) 
 
For Ti3N2 clusters, 7 possible isomers could be 
obtained, among which bypyramid isomer (4) is also 
the most stable with charges overlap populations of 
Ti–N and Ti–Ti being 0.156 and 0.008, respectively. 
Charges overlap populations indicate a Ti–N che- 
mical bond and weak Ti–Ti bond. The same con- 
dition can be seen in the most stable isomer (9) of 
Ti2N3. There is no bonding for N–N, and each N 
atom could gain 0.842 electrons and each Ti atom 
could provide 0.562 electrons. The isomer with the 
second lowest energy is a five-membered ring 
isomer (1) with crossing layout of Ti–N. Its energy is 
only 0.405 eV higher than that of bypyramid isomer. 
Charges overlap population for the Ti–N bond 
reaches 0.22~0.34. There is weak bonding of 0.007 
for Ti–Ti bond. These two isomers have higher 
occurrence probability. Sector isomer (3) has fairly 
higher energy. The N–N is linked, and Ti–N shows 
strong-weak-weak-strong bonding. Charges overlap 
population for weak Ti–N bond is only 0.089 and the 
bond length is as long as 0.202 nm, so this isomer 
has the highest energy.  
Seven isomers are optimized for Ti4N. Energies of 
cubic isomers of (5), (6) and (7) are very similar, all 
of which are quasi-tetrahedrally coordinated with 
one N atom and four Ti atoms. N could basically 
gain 1.0 electron. Each of four Ti atoms in isomer (5) 
could provide 0.25 electrons averagely. For isomers 
(6) and (7), some Ti could provide 0.4 electrons, and 
some others could only denote 0.12~0.13 electrons. 
These several isomers have fairly low energy and 
higher occurrence possibility. For linear structure, 
there are two Ti–Ti bonds with the one in the middle 
being stronger than that at side. One of Ti–N bonds 
is strong, and the other is weak. Their charges 
overlap populations (from left to right) are 0.323, 
0.273, 0.358 and 0.219, respectively. Isomer (2) 
shows T-shape. Compared with linear structure, its 
two Ti–Ti bonds are stronger and Ti–N strong-weak. 
Owing to the lots of bonds, its energy is lower than 
that of linear structure. 
We have also tried to search TiN4 clusters, but no 
stable isomer is obtained.  
(2) Six-atom cluster  
Two linear, three planar and five three-dimensional 
isomers are obtained through the optimization of 
Ti4N2 clusters (Fig. 2). Among them, planar isomer 
(3) has the lowest energy and the greatest occurrence 
probability (Table 2). In this isomer, each N atom 
coordinates to 3 Ti atoms and 0.939 electrons are 
obtained in total. Two Ti atoms lose 0.23 electrons, 
and the other two Ti lose 0.66~0.74 electrons. For 
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planar isomers (4) and (5), each N atom obtains 0.6 
electrons. However, Ti atoms are different. For 
isomer (4), Ti atoms lose charges of 0.153 and 0.447, 
respectively. For isomer (5), Ti atoms lose charges of 
0.369 and 0.827, respectively, and another Ti atom 
obtains 0.229 charges. Linear isomers (1) and (2) 
exhibit bonding in an alternatively strong-weak 
layout, with energy 8~9 eV higher than that of 
isomer (3) and less occurrence probability. Cubic 
isomer (8) shows distorted octahedron with higher 
symmetry of D4h. Bond length of N–N is 0.149 nm, 
and that of Ti–N 0.201 nm. According to the analysis 
of charge population, it could be found that the Ti–Ti 
bond is stronger, while N–N and Ti–N are weaker, 
so the energy is higher. For isomer (9), four Ti atoms 
show diamond shape and are nested with diamond 
comprised of two Ti atoms and two N atoms. N–N is 
separated entirely, Ti–Ti is fairly weaker, and Ti–N 
is stronger, so it has the lowest energy in cubic 
isomers with total energy only 1 eV higher than that 
of planar isomer (3).  
 
Table 2.  Electronic Properties of Possible Isomers for Ti4N2  
E/a.u. Mulliken over. pop. Atomic charges No. 2s+1 Sym. 
(∆E/eV) Ti-Ti Ti-N N-N Ti N 
Freq./cm-1 
1 3 D∞h –341.4152 
(9.541) 
0.234 0.299 0.289 0.326 
0.008 
–0.335 3.3, 4.6, 5.1(2),95.7, 30.9, 
162.3(2),368.4(2), 380.4, 
837.2, 1443.6 
























–0.939 8.5, 25.2, 87.1,134.0,153.7, 
212.7,303.8,347.8,458.2, 
474.6,767.4,890.2 























































0.192 0.375 –0.750 24.6,151.0,156.0,165.9, 
229.2,328.9,405.9,464.8, 
471.4,532.8,547.7,898.0 







































 (a)                                       (b) 
 
          (c) 
Fig. 2.  Prediction of the possible isomers for Ti4N2(a), Ti2N4 (b) and Ti3N3 (c) 
 
Three linear isomers with different spin multiplicity 
are obtained after optimizing cluster Ti2N4. For 
isomer (1), tri- and five-spin multiplicity opposes 
weak Ti–N bonds. Thus its energy is high and 
occurrence probability is nearly zero (Table 3). 
Isomers (2) and (3) also have higher energy. For 
isomer (3), energy of five-spin multiplicity is 3.79 
eV higher than that of isomer (7) with the lowest 
energy. For four planar isomers of Ti2N4, both 
isomers (4) and (5) consist of two Ti and two N 
atoms to give a tetrahedron and link with two Ti 
atoms. In addition, for two planar six-membered 
isomers, isomer (6) has Ti–N and N–N bonds with 
stronger bonding, so this structure is energetically 
lower and stable. For isomer (7), charge populations 
of N–N and Ti–N bonds are 0.264~0.334 and 
0.246~0.296, respectively with strong bonding, and 
therefore its total energy is the lowest among the 
nine isomers with the greatest occurrence probability. 
Cubic isomer (8) has D4h symmetry. There is nearly 
no bonding for N–N, and only weak bonding for 
Ti–N, so its energy is fairly higher. Isomer (9) has 
poor symmetry with plenty of Ti–N bonds, and then 
its energy is similar to that of isomer (8).  
 
 
No.20                         No.21                  No.22               No.24 
Fig. 3.  Some bonding orbitals of isomer 4 for Ti3N3 
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Table 3.  Electronic Properties of Possible Isomers for Ti2N4  
E/a.u. Over.pop. Atomic charges Freq./cm–1 No. 2s+1 Point 
group 
(∆E/eV) Ti–Ti Ti–N N–N Ti N  





































































































































































Table 4.  Geometric and Electronic Properties of Possible Isomers for Ti3N3  





Ti–Ti Ti–N N–N Ti–Ti Ti–N N–N Ti N 
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Six isomers are obtained for the optimization of 
Ti3N3 with isomer (4) exhibiting the lowest energy. 
According to its molecular orbital graph (Fig. 3), we 
find that: except 18 inner orbitals with lower energy, 
No. 19 (2p orbitals of N in the middle) and No. 20 
orbitals (adjacent 3d and 4s orbitals of Ti) form the 
bonding orbitals. Orbital No. 21 is a large π bond 
comprised by 2p orbitals in three N atoms and 3d 
orbitals in three Ti atoms. Orbitals No. 22~27 are 
bonding orbitals consisting of 3d orbital of Ti and 2p 
orbital of N. Orbitals No. 28 and 29 are non-bonding 
orbitals of two Ti atoms. Isomer (2) has the lowest 
energy with Ti and N crossing all Ti–N stronger 
bonds. Each Ti atom could provide 0.622～0.807 
charges, and each N atom could obtain 0.73～0.76 
charges. It has the total energy 1 eV higher than that 
of isomer (4) with greater occurrence probability.  
 
4  CONCLUSION 
 
According to the isomers search of TinNm clusters, 
we found that when the number of Ti atoms is more 
than that of N atoms, structures with N atoms in a 
separate layout are energetically lower, but when the 
situation is on the contrary, the isomer with direct 
N–N bond is energetically more favorable. Isomers 
with less atoms and high symmetry (such as Ti3N2 
and Ti2N3) have the lowest energy. When the number 
of atoms increases, planar isomers (such as Ti4N2 
and Ti2N4) or quasi-planar isomer (such as Ti3N3) 
are the most stable.
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